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0.3  mm  Diameter  Flexible  Amperometric  Lactate  Probe 


Dan  Li  Wang  and  Adam  Heller* 
Department  of  Chemical  Engineering 
The  University  of  Texas  at  Austin 
Austin.  Texas  78712-1062 


Abstract: 


A  flexible  lactate  electrode  was  made  of  400rl00  7  |im  diameter 
carbon  fibers,  epoxy  embedded  m  a  0.3  mm  diameter  polyimide  tubing. 
The  electrode  was  modified  by  precipitating  on  it  the  relatively  insoluble 

complex  formed  between  1100  kd  partiallx  N-ethylamine  quaternized 
poly  [(  vinylpyridine  )Os(  bip>  ridine  i^Cll  Cl  (POs-E.-\)  and  lactate  oxidase. 
The  steady-state  lactate  electrooxidation  current,  at  2mM  lactate 

concentration  and  at  22*^  C.  was  4()0n.A.  The  .^OrlO  pAcm'- current 
density  and  the  20m.Acm'-.\l  ' '  sensiii\ii\  decreased  only  by  5%  upon 
increasing  the  partial  prC'Sure  of  owgen  from  ().0  to  0.2  atm.  The 
electrode  retains  its  sensitixitx  after  dry  storage  at  4i’C  for  4  months  in  air 
but  loses  at  37‘^C  half  or  its  sensiiivitx  in  7  hours  through  polymer 
desorption  when  operated  at  (>.4\’  (SCEi.  To  eliminate  interference  by 

species  that  are  electrooxidized  at  t>.4V  (SCEi.  the  lactate  sensing  probe  was 

(a)  electrically  insulated  with  an  epo\\  made  of  poly(  vinylimidazole) 
crosslinked  with  ethylene  glycol  diglycidyl  ether,  and  (b)  coated  wdth  an 
immobilized  horseradish  peroxidase  t HRP)-glucose  oxidase  (GOX)  film.  The 
latter  film  was  formed  by  co-immobilizing  the  two  enzymes  through 
periodate  oxidation  of  their  oligosaccharides  to  aldehydes  and  forming 
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Schiffs-bases  between  the  polyaldehydes  and  the  enzymes'  lysyl  amines. 
In  the  presence  of  1  mM  glucose  and  in  air,  the  interfering  electrooxidation 
of  0.1  mM  ascorbate  was  reduced  by  a  factor  of  20.  This  reduction  results 
from  formation  of  hydrogen  peroxide  in  the  glucose  catalyzed  reaction,  and 
H2O2  oxidation  of  the  ascorbate  in  a  reaction  catalyzed  by  HRP. 

Introduction 

Simple  glucose  electrodes  have  been  made  by  adsorbing  a 
poly((  vinylpyridine  )Os(  bipyridine  ):C11  Cl  derivative  on  graphite,  rinsing, 
then  complexing  glucose  oxidase  to  the  adsorbed  polymer.*  Upon 
complexing,  the  adsorbed  redox  polymer  binds  and  penetrates  the  enzyme 

and  establishes  electrical  contact  between  the  redox  centers  of  the  enzyme 

and  a  graphite  electrode.-  Here  we  apply  such  a  complexing  process  to 
forming  lactate  electrode^  on  flexible  bundles  of  epoxy-embedded, 
polyimide  tubing-contained,  carbon  fibers.  The  electrodes  are  coated  with 
an  interferant  eliminating  laser,  containing  coimmobilized  horseradish 
peroxidase  (HRP)  and  gluco>e  oxidase  (GOX).  In  an  aerated  glucose  solution 
HyOy  is  generated  within  the  film  through  the  GO,\  caialxzed  r' action.  The 
H2O2  oxidizes  the  interIeranI^.  but  not  lactate,  in  the  HRP  catalyzed 
reaction.  The  interference  elimination  process  is  built  on  that  described 
for  glucose  electrodes,  \shere  lactate  oxidase  has  been  used  to  generate 

H2O2  in  a  lactate  containing  aerated  solution.' 

Lactate  oxidase  from  PcJioioa  ns  sp  commonly  used  in 
amperometric  lactate  sen>ors."  has  been  used  throughout  this  work.  The 


enzyme  catalyzes  reaction  1  and  also  the  oxidation  of  the  FADH2  by  O2, 
whereby  H2O2  is  formed. 

LOX-FAD  +  Lactate - »  Pyruvate  -4-  LOX-FADH2  ( 1 ) 

Amperometric  lactate  sensors  have  been  based  on  this  reaction  combined 
with  reactions  2  and  3: 

LOX-FADH2  +  2Mox - -  LOX-FAD  -  2\1rc  (2) 

-M  re  >  3  e  ( 3 ) 

where  .\lox  and  .\1rc  are  the  oxidized  and  the  reduced  forms  of  a 
diffusional  mediator,  such  as  O2  H2O2  or  Fc*/Fc  (where  Fc  is  a  ferrocene 
derivative). F.AD/F.ADH:  centers  of  LOX  were  also  non-diffusionally 
electrically  connected  to  electrode^  through  a  3-dimensional  redox  epoxy- 
based  electron  relaying  network, 

Lactate  mono-oxygenase  trom  \l\cohin  tcriuni  smv’^mciiis .  having  an 
F-MN  co-factor,  has  also  been  .ipplied  in  lactate  sensors.  This  enzyme 
catalyzes  the  oxidation  of  lactate  by  oxygen  to  acetic  acid  and  carbon 
dioxide.’*  However,  the  enz\me  is  inhibited  by  phosphate.’-  an  ion 
present  in  blood  and  other  tissues,  whereas  lactate  oxidase  from 
Pediococcus  sp  is  not  inhibited  b\  phosphate.  Because  the  sensor  is  to  be 
used  in  phosphate-containing  pin  viological  solutions,  the  Pediococcus 
enzyme  was  used  in  this  work. 
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In  vivo  measurement  of  lactate  is  of  clinical  interest  in  monitoring 
shock,  respiratory  insufficiency  and  heart  failure.'^  Miniaturization  and 
flexibility  of  sensors  is  relevant  to  lactate  monitoring  at  a  specific  site,  or 
in  an  organ  where  tissue  damage  upon  electrode  insertion  must  be 
avoided.  .Miniature  glucose  sensors' ^  based  on  glucose  oxidase,  an 
enzyme  of  higher  specific  activity  than  that  of  LOX,  have  been 
reported. One  limit  imposed  on  miniaturization  is  defined  by  (a)  the 
achievable  current  density,  which  in  turn  can  be  limited  by  the  specific 
activity  of  the  enzsme  in  catalyzing  reaction  1;  or  (b)  b\  the  electron 
transfer  rate  to  a  diffusional  mediator  or  polymer  bound  relay  (reaction  2); 
or  (c)  by  the  rate  of  mediator  diffusion  in  solution  or  electron  diffusion 
through  the  redox  conducting  polymer,  that  ma>  limit  the  rate  of  reaction 


The  redox  pohmer  POs-EA  forms  relati\el\  insoluble  adducts  with 
glucose  oxidase  and  utner  enz\mes.  that  can  be  crosslinked  with 
diepoxides. ''•  Tlie  electronic  conduction  in  the  resulting  redox  epoxy 

network  in  glucose  microeiectrodes  is  sufficient  to  allow  a  current  density 
in  excess  of  O.omAcni'-  .-.nd  a  sensitivity  in  excess  of  .oOm.Acm'-.M • ' .  The 
glucose  microeiectrodes  .^re  relati\el\  insensitne  to  aeration  and 

deaeration. ' 

In  order  to  provide  strength,  flexibility  and  .idequate  currents,  so 
that  Faraday  cages  will  not  be  needed,  carbon  fiber  bundles  consisting  of 
several  hundred  carbon  libers  were  used.  A  flexible  polyimide  tubing-' 
provided  insulation. 


V 
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Experimental: 

Chemicals.  Lactate  oxidase  (LOX.  35  units/mg)  from 

Pediococcus  sp.  (EC  number  is  not  available)  was  purchased  from  Genencor 
Inc.  and  was  used  as  received.  Glucose  oxidase  (GOX.  EC  1.1. 3. 4,  type  X, 
128  units/mg),  horseradish  peroxidase  (HRP.  EC  1.11.1.7,  type  VI.  260 
units/mg).  L-lactic  acid  and  ethylene  gi\coi  digivcidyl  ether  (EG)  were 
from  Sigma  and  were  used  as  recei\ed.  The  redox  polsmer.  POs-EA  was 
synthesized  as  previous!)  reported."  7()  Pol\ ( \  iny limidazole )  (PVI) 
was  synthesized  as  described. -- 

.\pparatus.  An  EGecG  Princeton  .Applied  Research  273 

potentiostat/gal\ anostat  and  an  EnMtian  Instrumentation  poteniiosiat  with 
a  con\entional  electrochemical  veil  uere  u?«ed  respective!)  for  the  cyclic 
voltammetry  and  for  the  constant-potential  experiments.  .All  potentials 
are  referenced  to  the  cell's  saturated  calomel  electrode  (SCE). 

.A  home-built  flow  ceil  built  with  a  rotar)  injection  \al\e  (Beckman) 
was  used  for  the  flow’  injection  analsses.  The  microelectrode  was  placed 
approximately  ().5cm  from  die  injection  \al\e  and  the  reference  electrode 
about  1cm  from  the  working  electrode. 

I.actate  microelectrode  fahrication.  The  fiber  bundle  was  made 
as  follows:  300  to  500  c.irbon  fibers  were  inserted  into  a  0.3mm  diameter 
7cm  long  polyimide  tubing.  .A  0.1  mm  poKimide  insulated  platinum  wire, 
auxiliar)  electrode,  was  also  inserted  into  the  tubing.  The  tubing  was 
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completely  filled  by  capillary  action  wit.  an  epoxy  "Super-Low  Viscosity 
Embedding  Media"  (Polysciences.  Inc.,  Warrington.  PA).  The  fiber-epoxy 
composite  v  <=  cured  in  the  tubing  at  for  2  days,  then  glued  to  a 

stainless  steel  wire  with  an  electrically  conducting  silver  epoxy.  An 
approximately  45*’  be\eled  electrode  tip  was  formed  by  polishing 
sequentially  with  three  grades  oi  diamond  paste  (15,  6  and  1  micron), 

sonicating  and  washing  with  alcohol  and  distilled  water.  A  drop  of  \9c 

Triton  X-100  was  then  placed  on  the  cleaned  bevel.  .After  air  drying  (~lh, 
220C).  the  surface  was  washed  '.'>uh  deionized  water.  The  purpose  of  the 
Triton  .\-100  treatment  was  to  con\ert  the  hydrophobic  epow  surface  to  a 
hydrophilic  for  improved  adsorption  of  the  redox  polymer  and  its 

adduct  ^vIth  LO.X. 

The  surface  area  of  the  electrode  was  determined  as  follows.  *  D.A 
thick  gold  laxer  was  spuiter-depostted  on  the  beveled  electrode  tip.  i.e.  on 

the  tops  of  the  fibers  and  on  the  epox\  between  the  fibers.--  Next  the 

currents  of  the  gold  coated  electrode  and  of  an  exposed  2mm  diameter 

gold  disk  electrode  were  determined  in  f>.5m.\l  ferrocenemethanol  and 
measured  b>  differential  polarographic  \o!iammeiry  (DP\').  The  electrode 
surface  area  was  then  calculated  from  the  ratio  of  the  currents.-"^  The 

actual  surface  area  of  the  epox\ -embedded  fiber  bundle  was  0.009cm-  ± 

0.002cm-.  nearly  an  order  of  magnitude  higher  than  the  geometric  area, 
showing  that  the  surface  was  rough.  Electron  microscopy  showed  that  the 
fiber  tips  protruded,  as  hemispherical  domes,  from  the  embedding  epoxy. 

The  lactate  sensing  electrode  was  formed  b\  adsorbing  the  adduct  of 
the  redox  polymer  and  kictaie  oxidase.  The  adsorption  process  was  the 
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following:  One  droplet  (0.2  to  0.3  pLi  of  a  10  pg/ul  solution  in  0.02M 
HEPES  buffer  pH  7.0  was  transferred  from  the  tip  of  a  capillary  tube  onto 
the  bevelled  surface,  first  of  the  polymer,  then  of  the  enzyme.  The  mixed 
solution  was  allowed  to  dry  under  air  for  >  3  days.  Coulometry  showed  an 

osmium  loading  of  45  r  2mC  cm*-  based  on  the  electrochemically 

estimated  0.009  cm-  surface  area.  .No  diepoxide  or  other  crosslinker^- ^ ^ 
was  used  in  making  these  electrodes,  i.e.  functionalization  depended  solely 
on  adsorption  of  the  precipitated  POs-NHy-LOX  complex.  Before  testing, 
the  electrodes  were  soaked  in  0.02M  pH  7.01  sodium  ph  osphate  buffer 
containing  0.1 -\I  NaCl  for  .it  least  three  hours  to  remove  leachable 

components. 

The  interferant  eliminating  layer  was  applied  on  top  of  a  PVl-EG 

electrically  insulating  "barrier'  layer,  formed  o\er  the  lactate  sensing 
layer  'r\  an  earlier  described  method.'  The  PVl-EG  layer  was  then  coated 
by  appi>ing  a  0.2  or  0..'>|aL  droplet  ot  a  dissoKed  mixture  of  polyaldehydic 
HRP  .md  GOX.'  This  mixture  w.i>  prepared  as  follow Img  HRP  and  Img 
GOX  .xere  dissohed  in  .^OuL  of  0.1. \1  sodium  bicarbonate,  to  which  5pL  of 
sodium  periodate  (12mg/mL)  was  added.--'  The  solution  was  incubated  in 
the  d.irk.  at  room  temperature,  for  hours.  .-\fter  incubation,  the 

solution  was  dialyzed  against  0.t>2.\l,  pH  7.01  sodium  phosphate  buffer 
containing  0.1. \1  .NaCl  in  order  to  eliminate  the  excess  periodate.  The 
polyaldehydic  HRP  and  GOD  were  allowed  to  self-crosslink  by  Schiff-base 
formation  betw'ecn  the  HRP  aldeludcs  and  GOX  Ixsxl  amines  for  two  days, 
at  22^0. 
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All  elerrrochemical  experiments  were  carried  out  in  5  to  25mL 
stirred  0.021  i,  pH  7  .01  sodium  phosphate  buffer  containing  O.IM  NaCl 
unless  otherwise  stated. 


Results  and  Discussion: 

Figure  1  shows  the  dependence  of  the  logarithm  of  the  anodic  peak 
current  (ip)  on  the  log-'-ithni  of  the  scan  rate  (SR)  in  cyclic  voltammograms 
for  the  POs-E.A  polymer  (but  not  gold)  coated  carbon  fiber-bundle 
electrode  in  0.()2.\1  phosphate  butter  with  0.1. \1  NaCl.  The  slope  is  0.54. 
near  the  theoretical  ()..^()  slope  characteristic  of  a  semi-infinite  planar 
diffusion  limited  electrode.  E\  idently  the  fibers  are  too  closely  spaced  for 
radial  diffusion.  With  the  POs-E.A/LOX  adduct  precipitated  on  the  fiber 
bundle  the  dependence  of  log  ip  .m  log  SR  is  also  linear.  For  a  single  fiber 
microelectrode  (7_u.m  diameteri.  has  been  proposed  that  superior  sensor 
characteristics  result  from  radno  electron  diffusion  through  the  enzyme 
and  redo.x  pol>mer  containing  .el.’"^  Such  characteristics  are  obvioush 
not  realized  in  the  fiber  bundle. 

Figure  2  shows  the  doubling  of  ip  in  peaks  of  the  cyclic 
voltammogram  (of  a-  ci.s-r!s(2,  2'{  4-meth\ lami  no  )bip_\  ridine-N.N” ) 

dichloroosmi um(  1 1 )  solution'  upon  Triton-.\- 1 00  treatment  of  the 
electrode.  Evident!)  adsorption  of  the  non-ionic  detergent  Triton  XI 00 
improves  the  wetting  of  the  surface  by  the  solution.  Figure  3  shows  cyclic 
voltammograms  of  the  electrode  without  lactate  and  with  2m.M  lactate.  In 
the  absence  of  lactate  the  separ.ition  of  the  anodic  and  cathodic  peaks  is 
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40±  20mV.  An  increase  in  peak  separation  with  scan  rate  is  observed  in 
thicker  films,  produced  by  crosslinking  the  enzyme  polymer  complex  with 
polyethylene  glycol  diglycidyl  ether. For  a  fast,  strongly  adsorbed  redox 
couple,  the  separation  would  iiave  been  nil.  while  for  a  non-adsorbed  fast 
redox  couple  the  separation  would  have  been  5vmV. 

Figure  3  shows  c\  clic  \  oltammograms  of  the  carbon  fiber-bundle 
electrode  without  lactate  and  with  2m.\1  lactate.  In  the  absence  of  lactate, 
the  separation  of  the  anodic  and  the  cathodic  peaks  is  40  ±  20mV. 
.Maintenance  of  the  electrode  at  (SCEi  for  a  prolonged  period  leads  to 

loss  of  non  cros^linked  redox  polxnier.  This  is  e\ideni  t'roin  the  reduction 
in  the  coulometricallx  measured  charge  associated  uiih  electroreduction 
and  electrooxidation  of  the  pohmer.  When  2m-M  lactate  is  added  to  the 
solution,  only  an  eiectrocatal> tic  oxidation  current  is  observed  at  scan  rates 
beioxx  .'mVs''.  In  the  .ibsence  of  a  crosslinker,  the  POs-E.A'LOX  layer 
thickness  estimated  by  Os-"  ^oulometrx  is  ()..o  r  i).2um  (assuming  that 
the  mo.ecular  xxeighi  ot  each  U-  ^ont.iimng  segment  i'  llOC)  daltons  and 
that  the  polymer  s  densiix  is  near  Ig  cm' '  .  When  the  POs-E.A  complexes 
the  enzyme,  precipitation  in  ob'erxed  at  1:1  and  I:.'  polxmer  to  enzyme 
ratios.-"  Thus,  the  film  formed  on  the  fiber-bundle  electrode  contains  a 
precipitate.  .Measurement  of  the  oxygen  sensitixitx  of  the  lactate  fiber- 
bundle  electrode  made  unit  ,i  !;l  poly  mer;enzx  me  xxeight-ratio  film 
(Figure  4)  shoxvs  that  the  'teady  Niaie  elecirocataly tic  current  in  air  is  only 
3.6%  belou  that  in  nitrogen  at  the  phy  siologically  relex  ani  1..^  m.M  lactate 


concentration. 


The  10%  to  90%  risetime  ol  the  steady-state  electrocatalytic  current 
in  a  flow  system  at  a  4  cm  s‘ '  linear  flow  velocity  (for  an  increase  in 
lactate  concentration  from  0  to  2mM.  or  0  to  3m\l.  or  0  to  4mM)  is  12 
seconds. 

The  pH  dependence  of  the  electrocatal>  tic  current  was  measured  in 
air  at  1  m.M  lactate  concentration  and  at  a  POs-E.A/LO.X  -  3:1  weight  ratio. 
The  current  is  constant  within  ±7%  when  the  pH  is  \aried  between  6. 4-8. 5, 
the  maximum  being  near  pH  7.4  'figure  4).  The  pH  dependence  of  the 
current  exhibits  a  broader  pH  optimum  and  a  shift  to  higher  pH  relative  to 
the  natural  reaction  of  the  enzyme  producing  H2O2  by  O2  reduction.  In  an 
earlier  reported  macroeiectrode  with  crosslinked  lactate  oxidase-redox 
pohmer  network."  the  current  wa.s  also  within  20%  of  its  maximum 
through  the  same  6.4-8..'  pH  range.  The  current  maximum  was.  however, 
at  pH  S.  not  “.4.  Thi'  small  hut  significant  difference  suggests  that  the 
precipitated  POs-E.A:LO.\  film  .mu  the  diepoxide  crosslinked  film  do  not 
provide  identical  enz\me  microen\ ironments. 

.As  seen  in  Table  1.  .m  electrode  stored  .it  for  4  months  did  not 

lose  activit)'.  In  continuous  oper.ition  ot  the  lactate  electrode  at  0.45V 
(SCE)  and  at  25'’C.  the  current  drops  ni  (■>  hours  to  ‘'5'^f  of  its  initial  \alue 
(Figure  6).  primarilx  because  of  poKmer  desorption  .it  positixe  potentials, 
where  the  polycation  is  highlx  ch.irged.  This  desorption  is  evidenced  by 
the  reduced  coulomeiricallx  measured  charge  upon  electroreduction  or 
electrooxidation  of  the  adsorbate  m  the  absence  ol  lactate. 


Figure  7  illustrates  the  electrode  structure  with  lactate  sensing  and 
interference  eliminating  layers.  .As  in  glucose  sensors,  oxidizable  species 
present  in  physiological  samples  >  serum  or  blood),  such  as  ascorbate,  urate 
or  acetaminophen  (Tylenol)  interfere  with  the  sensing  of  lactate.  An 
interferant  eliminating  layer  preosidizes  the  interferants  on  their  way  to 
the  sensing  layer  through  reactions  4  and  5.- 

GOX 


Glucose -r  O2  - '  li-gluconolactone  -  H2O2  (4) 

HRP 

H2O2  ^  2ha  - :.A  -  :h20  (5) 


In  equation  5  H.A  is  an  interiering  iudrogen  donor.  The  physiological 
glucose  concentration  in  serum  or  in  blood  (3-l()m.\l)  generates  enough 
hydrogen  peroxide  to  preoxidize  all  imerieranis  in  the  presence  of  HRP. 
and  the  enzyme  catalyzed  preoxiJaiion  of  interfering  hydrogen  donors  is 
fast  enough  to  prevent  the  interrerants  from  reaching  the  lactate  sensing 
laver.-  In  the  structure  shoun  in  Figure  7.  an  eleciricalK  insulating 
barrier  laser  presented  electron  ;ran>ier  to  oxidized  HRP  from  the  LOX- 
sxiring  redox  polsmer.  The  iii'uiaiing  laser  svas  thick  enough  to  prevent 
electrical  communication  betv.  een  the  vensing  and  the  interferant 
eliminating  layers  yet  thin  enougii  "O  as  not  to  hinder  substrate  or  product 

diffusion. -7 

Fi'cure  8  shows  calibration  curses  lor  HRP-GO.\  coated  inierterence 
eliminating  electrodes  made  ssiih  .ind  ssithout  electrically  insulating 


PVI/EG  barrier  layers  between  the  sensing  and  interference  eliminating 
layers.  The  barrier  layer  reduced  the  current  by  approximately  40%,  and 
increased  the  10-90%  risetime  from  12s  to  about  1  min.  The  left  side  of 
Figure  9  shows  the  reduction  of  interference  by  ascorbate  (0.1  mM).  When 
glucose  (Im.Vl)  was  added,  about  95%  of  the  ascorbate  related  current  was 
eliminated.  The  right  side  of  the  figure  shows  the  increase  in  current 

upon  increasing  stepwise  the  lactate  concentration  from  0  to  2mM. 
Because  lactate  was  not  oxidized  by  H2O2-HRP.  the  electrode  continued  to 
respond  normallv  to  lactate.  Figure  10  shows  lactate  calibration  curves 
with  and  without  O.lm.M  ascorbate.  The  current  measured  with  0.1  mM 
ascorbate  was  about  7.5'^i  higher  than  that  with  no  ascorbate.  Part  ot  the 
increase  resulted  from  the  reduction  in  oxxgen  partial  pressure.  caused 
by  consumption  of  oxxgen  in  the  oxidation  ol  glucose  in  the  outer  layer. 
The  observed  7.5%  current  increase  was.  howe\er.  characteristic  only  of 

the  3:1  enzyme-polxmer  film  electrode,  where  oxxgen  competition  w'as 
greater  than  in  the  1:1  electrode.  In  the  1:1  electrode  o.xygen  competition 

suppressed  the  current  h\  onl\  c.Cvi.  and  the  tiscorbtite  elimination  related 
current  increase  was  corre'pondingK  ^mailer.  Earlier  we  showed  that  in 
glucose  sensors  the  combination  of  all  inierfer.mis  (ascorbate,  urate  and 
acetaminophen)  tit  their  ph\ Niv'logical  le\els  was  preoxidized  in 
interference  eliminating  LO.\-HRP  films.  The  physiological  lactate 

concentrations  (l-3m.\l'  are  lower  than  ph\ siological  glucose 
concentrations  (3-l()ni.\l»  .ind  glucv^'C  oxidase  acti\ity  is  higher  than 
lactate  oxidase  aciiviix  in  the  tilm^.  Theretore.  we  project  that  at 
physiological  glucose  concentration'  ihe  enure  grouit  of  electrooxidizable 
interferants  with  lactate  ine.isuremeiii'  will  be  elleciixely  preoxidized. 


After  immobilizing  its  components  and  over-coating  with  a  bioinert 
film,  the  electrode  should  be  practical  for  whole-blood  lactate  assay  and 
for  implantation. 
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Figure  1  Dependence  of  the  iocariihm  of  the  anodic  peak  current 
on  the  logarithm  of  the  scan  rate  for  an  0.3  mm  carbon  fiber-bundle 
electrode  on  which  the  POs-EA  redox  polymer  was  adsorbed. 

Figure  2  Cyclic  voltammograms  of  ().5m.\1  cis-bis(2.  2'  (4- 
methylamino)  bipyridine-N.N' i  dichloroobiniumi  11 1  on  a  carbon  fiber- 
bundle  electrode  in  pH  7.13  phosphate  buffer  with  0.1. \1  .\aCl  at 
lOV/s  scan  rate.  (•)  Without  Triton  X-100  treatment  of  the  electrode; 
(z  )  With  Triton  X-100  treatment  of  the  electrode. 

Figure  3  Cyclic  voitammogramN  ol  the  lactate  electrode  in  pH  7.13 
phosphate  buffer  with  0.1. \1  NaCl.  under  air.  Scan  rate:  2  m\7s.  at 
no  lactate,  b)  2.0m.\1  lactate. 

Figure  4  Steady-state  lactate  response  ol  the  electrode  at  0.4V 
(SCEk  under  nitrogen  and  air:  "(P.M  phosphate  wiih  NaCl:  pH 

7.13:  room  temperature.  Film  cvmpoMiion:  POs-E.A  :  LO.X  =  3:1  (weight 
ratio ) 

Figure  5  pH  dependence  of  LO.X N  acti\n\.  (♦)  LO.X  in  solution.  H-.0-) 
generation  127j  and  (-i  LOX  immobilized  on  the  electrode.  ImM 
lactate.  0.02.M  phosphate  uith  o.  1  .M  N.iCl.  pH  7.13.  in  air.  room 
temperature. 

Figure  6  Decay  of  the  steads -state  current  of  the  electrode  coated 
with  POs-E.A  :  LOX  (1:1  weight  r;iiioi.  2mM  lactate:  Conditions  as  in 
Fig.  5. 


Figure  7  Schematic  drawing  of  the  lactate  sensor  showing  the 
insulating  barrier  and  the  interferant  eliminating  overlayer. 

Figure  8  Steady-state  lactate  response  cur\es  for  electrodes  wd 
(9)  and  without  (C)  barrier  la\ers.  Conditions  as  in  Fig.  5. 

Figure  9  Reduction  of  ascorbate  current  b\  an  HRP-GOX  film 
Conditions  as  in  Fig.  5. 

Figure  10  Steady-state  lactate  current  Aithoutt~)  and  withi  •  ) 
O.lm.M  ascorbate  in  the  solution.  Conditions  as  in  Fig..^. 
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Table  1  Storage  stability  at  4°C  in  air 


Current  (nA) 


Days 

at  2mM  lactate 

0 

11.1 

30 

10.5 

1  1.6 

7 

10.1 

120 

1  1.9 

